Incorporation of saccharin molecules has been studied during the galvanostatic deposition of 2.45 T CoFe alloys. The results indicate that the incorporation rate is strongly dependent on the concentration of saccharin in the plating solution. This dependence showed a pronounced maximum at C sac = 0.12 g L −1 , which is a result with significant practical implications. A simple physical model was developed to describe this dependence, having an excellent qualitative agreement with experimental data. The corrosion properties and surface roughness of CoFe deposits were found to be a strong function of saccharin concentration in the plating solution, i.e., the incorporation rate of saccharin molecules.
The electrodeposition of soft high magnetic moment ͑SHMM͒ alloys has been extensively used as one of the key fabrication processes in the manufacturing of magnetic recording heads for almost three decades. 1 However, the continuing development of magnetic recording technology has created new challenges. Current development in this area is driven by the need for high magnetic moment alloys 2 and a reliable electrodeposition process which can deliver nanosize magnetic structures having at least one dimension below 100 nm. 3, 4 At this scale, the performance of the magnetic recording devices and their reliability becomes critically dependent on the physical and magnetic properties of the electrodeposited alloys, their stability during the different fabrication steps, and their compatibility with other materials used for device fabrication. These issues are crucial for deciding if the electrodeposited SHMM alloys would continue to be used in the future magnetic disk drive products.
The development of SHMM electrodeposited alloys for magnetic recording applications has gone through several phases in the last three decades. In the very beginning, the alloy of choice was Ni 81 Fe 19 ͑permalloy͒ with saturation magnetic flux density B s = 1 T. 5 Further development went by introduction of Ni 45 Fe 55 with 60% higher B s values, 6 and ternary CoFeNi alloys with lower Ni content and B s ranging between 1.6 T and 2.2 T. 2, [7] [8] [9] In recent years, electrodeposited soft CoFe alloys with the highest obtainable magnetic moment of 2.45 T having the composition in the range of Co Fe 70-50 were demonstrated as well. 2, 3, 10 These alloys represent one of the most promising materials for fabrication of future magnetic recording heads and the improvement of their properties is currently the subject of considerable research efforts in industry and academia as well.
To obtain SHMM with better magnetic properties, different additives have been used in the plating solutions. 11 Besides a common action of leveling and brightening of the deposit, the benefit of using additives is attributed to the improvement of the crystal structure, 12 smaller grain size, and the reduction of the residual stresses in the deposit. 13 The last two effects are particularly important for obtaining soft electrodeposited 2.45 T CoFe alloys. 2 Depending on the plating solution design, choice of the additive, and conditions at the electrochemical interface, different amounts of nonmagnetic interstitials and inclusions in the magnetic deposit originating from the additives are introduced. 12, 14, 15 The additive molecules or molecular fragments can be found in the deposits as well. 16 If the amount of the incorporated additives is small, it is generally considered beneficial for the desired magnetic softness. 10 However, the significant presence of the interstitials, in particular S, metal sulfides, or S-containing organic molecules and fragments, can cause a detrimental deterioration of the alloy corrosion resistance. 17, 18 This is considered to be a serious limitation for the use of additives in electrodeposition of SHMM alloys even if they yield deposits with very good magnetic properties. This effect is particularly negative when corrosion properties of electrodeposited 2.45 T CoFe are evaluated. 19, 20 The corrosion potential for the CoFe obtained from the solution containing saccharin as an additive is measured to be ϳ0.1 to 0.3 V more negative than the corrosion potential of the sputtered CoFe and CoFe alloys deposited without saccharin in the solution. 16 This indicates that the benefit of using saccharin as an additive is seriously compromised by the increased corrosion susceptibility of magnetic deposit. 21 In this paper, we report results from our studies of the physical incorporation of saccharin molecules into 2.45 T CoFe magnetic alloy. The results show that incorporation rate is a strong function of the concentration of this additive in the plating solution in the range 1 ϫ 10
. This dependence has a pronounced maximum at C sac = 0.12 g L −1 while for C sac Ͼ 1.5 g L −1 the incorporation rate becomes almost constant. The corrosion potential and surface roughness of electrodeposited 2.45 T CoFe alloy shows a strong correlation with incorporation rate of saccharin. A comprehensive model qualitatively describing physical incorporation of saccharin as a function of its concentration in the solution has been developed and it is presented in this paper as well.
Experimental
A standard three electrode cell configuration with solution volume ͑V͒ of 2 L was used to electrodeposit 0.6 ± 0.05 m thick Co 40-44 Fe 60-56 films. The cathode was a rotating Au disk ͑ = 300 rpm, D = 0.6 cm͒ and a Co plate was used as an anode. The reference electrode was a saturated calomel electrode ͑SCE͒ and all potentials in this study are quoted with respect to it. The solution used in the deposition experiments is described in Table I . The current density for all deposition experiments was 4 mA cm −2 . The additive used in the deposition experiments was saccharin with concentration ranging from 1 ϫ 10 −3 to 2.5 g L −1 . All corrosion measurements were performed in 0.5 M NaCl solution. The composition of the CoFe samples was verified by energy dispersive X-ray * Electrochemical Society Active Member. z E-mail: stanko.brankovic@mail.uh.edu spectroscopy ͑EDX͒. The magnetic properties of the CoFe films were verified with a superconducting quantum interference device ͑SQUID͒ and a vibrating sample magnetometer ͑VSM͒. The thickness of the CoFe films was determined from scanning electron microscopy ͑SEM͒ images of the focused ion beam ͑FIB͒ cross sections and from charge stripping measurements. Upon the deposition of CoFe films and verification of their magnetic properties, thickness, and composition, the samples were dissolved in 50 mL 1:1 HCl and subjected to high-pressure liquid chromatography ͑HPLC͒ 22 analysis to determine the amount of incorporated saccharin. The HPLC instrument used in this study was Varian ProStar with its standard C 18 separation column and UV detector. The amount of saccharin in the films was obtained from the area of the saccharin peak normalized to the peak area of the standard sample of known saccharin concentration. The 0.5 mL standard sample aliquot was taken from 500 mL 1:1 HCl solution containing 1.0 ϫ 10 −4 g of saccharin, 0.15 ϫ 10 −4 mol of FeCl 2 , and 0.15 ϫ 10 −4 mol CoCl 2 . The normalized results were multiplied by the conversion factor taking into account the ratio of the HPLC sampling aliquot volume to the total 1:1 HCl solution volume used to dissolve the CoFe films ͑0.5/50 = 100͒. Finally, the incorporation rate of saccharin ͓units presented as flux ͑mol cm −2 s −1 ͔͒ was obtained by dividing this result with the area of the CoFe electrode ͑A 0 = 0.28 cm 2 ͒ and deposition time ͑t = 3600 s͒.
Results and Discussion
HPLC results.-Saccharin incorporation into deposit occurs either via adsorption-electroreduction mechanism ͑chemical route, incorporation of molecular fragments, and metal sulfides 14, 15, 23 ͒ or via physical incorporation of entire molecules during the deposit growth. 16 Both mechanisms are expected to be responsible for S incorporation into the CoFe deposit, however, the relative contribution of each mechanism to the observed content of S in the alloy is still unknown. The 2.45 T CoFe films were deposited with different concentrations of saccharin in the bath. These films were then dissolved in 1:1 HCl and undergone the HPLC analysis. An example of the typical HPLC spectrum observed for our CoFe films is shown in Fig. 1a . The presence of the saccharin molecules in CoFe films is demonstrated by the peak with 6.1 min retention time. This peak position is the same as the position of the saccharin peak observed for our standard saccharin sample. The HPLC analysis of CoFe films was found to be very effective for detection of other organic molecules with an active UV bond. The molecules like benzoic acid and ortotoulenesulfonamide ͑OTS͒ were identified in HPLC spectra as well ͑not shown here͒ and their presence in the CoFe deposit could be directly linked to the saccharin electroreduction during the electrodeposition process. 23, 24 However, their amount was an order of magnitude lower than that of saccharin in the CoFe films. For this reason, our attention was focused on investigating the phenomenon of physical incorporation of saccharin molecules only. The averages of three HPLC measurements for each of the CoFe films deposited with different contents of saccharin in the bath are shown in Fig. 1b . The results are presented as the incorporation rate of saccharin R inc given in mol cm −2 s −1 units ͑units of flux͒. Inspection of Fig. 1b shows pronounced maximum, R inc = 0.145 ϫ 10 −11 mol cm −2 s −1 for C sac = 0.12 g L −1 . The dependence of the incorporation rate on the concentration of saccharin in the bath has an asymmetric peak appearance with a very steep increase going from
, a more gradual decrease in the incorporation rate was observed. For C sac Ͼ 1.5 g L −1 , the rate become almost constant ͑R inc = 0.026 ϫ 10 −11 mol cm −2 s −1 ͒. The more practical way to look at these results is to express the incorporation rate in terms of the deposition time necessary for incorporation of one full monolayer of saccharin. This could be done if the surface concentration of the adsorbed saccharin monolayer, ⌫ ML ͑mol cm −2 ͒, is approximated as
where d sac and N A represent the effective diameter of the saccharin molecule and Avogadro's number, respectively. Taking the value of d sac for adsorbed molecule determined previously by STM measurements, 12 d sac = 0.8 ϫ 10 −7 cm, the Eq. 1 yields the value for ⌫ ML = 3.3 ϫ 10 −10 mol cm −2 . Dividing the ⌫ ML with the R inc we can estimate that incorporation of one full saccharin monolayer occurs every ϳ230 s of CoFe deposition for the samples deposited from solution with C sac = 0.12 g L −1 and every ϳ1300 s for the samples deposited from solutions with C sac Ͼ 1.5 g L −1 . Another useful way to interpret the results in Fig. 1b is to use the saccharin incorporation rate and deposition rate of 2.45 T CoFe alloy to find the weight percentage of S in the alloy coming from the "buried" saccharin molecules. In our case, the CoFe deposition rate is 0. 16 
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where n, M S and M CoFe represent the number of S atoms in the saccharin molecule ͑one͒, molar mass of sulfur ͑32 g mol −1 ͒, and molar mass of CoFe alloy ͑ϳ57.5 g mol −1 ͒, respectively. For the CoFe films deposited from solutions with C sac = 0.12 g L −1 ͑R inc is max͒ and C sac Ͼ 1.5 g L −1 ͑R inc becomes constant͒, using Eq. 2 the amount of S in CoFe matrix was found to be ϳ0.032 wt % and ϳ0.0058 wt %. The same approach can be used to calculate the amount of carbon ͑n = 7, M C = 12 g mol −1 ͒ and oxygen ͑n = 3, M O = 16 g mol −1 ͒ in the CoFe deposit originating from the incorporated saccharin molecules ͑see Table II͒. A direct comparison of the results presented in Table II to related data in the literature 14, 23 is somewhat difficult. The reason for this is the inconsistency of electrodeposition conditions and solution formulations among the compared experiments. In previous work 14 we reported the secondary-ion mass spectroscopy ͑SIMS͒ results showing the ratio between weight percent of S and C in CoNiFe deposit being Ͼ1. This is contrary to what is expected from the saccharin molecule stoichiometry ͑0.4͒. The reported S content was ranging between 0.03 and 0.17 wt % depending on the saccharin coverage of the CoNiFe surface. However, the solution in this experiment was based on FeCl 2 , NiCl 2 , and CoCl 2 salts and pH 2.8. This solution also contained sodium dodecil sulfate ͑SDS͒ as surfactant, which could be an additional source of S in the deposit and could influence the incorporation asymmetry between S and C as well. The SDS was also present together with saccharin in the plating solution in recent studies 23 of electrodeposited CoFe alloys. This work ͑see Ref. 23 , Table II , solution A͒ reported a larger content of S in deposit than our results ͑Table II͒. Nevertheless, the authors of this work did not report the precise solution design ͑C sac ͒ and direct comparison with our work is not plausible. In general, a higher amount of S observed in SIMS studies of CoFe and CoFeNi deposits 14, 23 than reported in this work ͑Table II͒ means that S originating from additives is introduced in deposit via both electroreduction 23 and physical incorporation mechanisms. To obtain a complete physical picture of the dominant incorporation mechanism in a particular experiment, parallel studies using HPLC and SIMS analytical methods would be necessary.
Analytical model.-The analytical model qualitatively describing the results in Fig. 1b was developed taking into account several assumptions. The first is that adsorbed saccharin is in equilibrium with its solvated phase in the bulk solution, which allows us to use one of the equilibrium adsorption models to describe the coverage of this additive as a function of its concentration in the solution. The arguments for this assumption are:
1. The total amount of saccharin in the solution is many orders of magnitude larger than the amount of saccharin incorporated into the deposit during each experiment. ͑C sac · V ӷ R inc · A 0 · t͒ thus implicating C sac is constant.
2. The potential transient measurements ͑data not shown here͒ indicate that the CoFe electrode potential reaches a steady state within the first 30 s of galvanostaic deposition. This means that assumption E is constant is true for 99% of the deposition time.
The second assumption is that no transport limitations are encountered at any time for saccharin arrival at the electrode surface during deposition. This is evident if one compares the calculated diffusion limited flux of saccharin, R dif , with its incorporation rate R inc for each experiment. The typical values used in literature [26] [27] [28] [29] [30] for diffusion coefficients ͑D S ͒ of additives are between 1 ϫ This value is ϳ500 times greater than the saccharin incorporation rate measured in corresponding experiment ͑R inc = 0.16 ϫ 10 −14 mol cm −2 s −1 ͒. Performing the same analysis for other experiments with larger C sac an even bigger ratio was found, proving that R dif ӷ R inc is a correct assumption.
The analytical model considers that the incorporation of the entire saccharin molecules occurs via their entrapment by the regions of CoFe surface that are not covered by this additive ͑Fig. 2͒. These areas were assumed to be growing faster than the ones covered with the saccharin. Therefore the adsorbed additive molecules get physically buried into the deposit by their faster growing surroundings ͑Fig. 2͒. Considering the physical situation depicted in Fig. 2 and corresponding starting assumptions, we can state that the incorporation rate of saccharin R inc ͑mol cm −2 s −1 ͒ is inversely proportional to the lifetime of an saccharin molecule t sac , spent on the surface before it gets completely buried in the deposit. This condition can be expressed as To express the incorporation rate as a physical quantity representing the molar flux the proportionality constant K was defined as 14, 30 
where the term ⌫ ML is as described previously by Eq. 1 and the term represents the saccharin coverage of CoFe surface ͑0 ഛ ഛ 1͒. The lifetime t sac is defined as the ratio between the effective diameter of the saccharin molecule d sac , and the growth rate difference ⌬v, ͓cm s −1 ͔ ͑Fig. 2͒ between the areas of the surface not covered by saccharin and those that are covered. Note that the physical entrapment of the saccharin molecules via the proposed mechanism occurs only if there are available areas of the growing surface free from saccharin. This means that there would be no buried molecules in the deposit if = 1. This geometrical effect can be expressed by
The full expression for physical incorporation of saccharin molecules can be written combining Eq. 3-5 as
The validity range of Eq. 6 is limited to saccharin coverage between 0 and 1, ͑R inc Ͼ 0 for 0 Ͻ Ͻ 1͒. As one can see, the proposed mechanism is based on the interplay between saccharin adsorption expressed through the R inc dependence on term and the free surface overgrowth expressed through ͑1 − ͒ term. As a consequence, Eq. 6 predicts that the maximum incorporation of saccharin would occur for the coverage = 0.5. If the saccharin adsorption is described in terms of Langmuir formalism
the final expression defining the R inc could be written combining Eq. 1, 6, and 7 as
͓8͔
In Eq. 7 and 8 b represents Langmuir's adsorption constant. The fit of the experimental data in Eq. 8 is shown in Fig. 1b 2͒. The value of ⌬v is ϳ9 % of the average CoFe deposition rate. This result concurs with the description of the incorporation process depicted in Fig. 2 . The value of the adsorption constant b can be used to estimate the free energy of saccharin adsorption on CoFe surface at room temperature 31 ͑⌬G ads ͒, viz
, R is the universal gas constant ͑8.314 J mol −1 K −1 ͒, and T is the absolute temperature during our experiments ͑298 K͒. The obtained value of ⌬G ads = 145 kJ mol −1 is in a good agreement with the published data for adsorption of organic molecules at the electrochemical interface. 32 Corrosion properties and CoFe surface roughness as a function of R inc .-To investigate the effect of the saccharin incorporation on 2.45 T CoFe films corrosion properties, the alloy samples were electrodeposited from solution without saccharin and from the ones containing 0.12 and 2 g L −1 of this additive. After the deposition, these samples were carefully rinsed with ultrapure water and submitted to corrosion potential measurements. The results are presented in Fig.  3a . As expected, the most noble CoFe surface with the most positive corrosion potential, E c Ϸ −0.2 V, is the one electrodeposited with no saccharin in the solution. The surface of CoFe sample electrodeposited using solution containing 0.12 g L −1 of saccharin had the most negative corrosion potential, E c Ϸ −0.6 V. The sample electrodeposited from the solution containing 2 g L −1 of saccharin had the corrosion potential E c Ϸ −0.3 V which is ϳ0.3 V more positive than in the previous case indicating higher nobility of this surface. The incorporation rate of saccharin and corresponding S-content in the CoFe matrix for 0.12 g L −1 sample is approximately five times larger than for 2 g L −1 sample ͑Fig. 1b͒. This is directly reflected on the corrosion potential of this sample being more negative, which means a significantly poorer corrosion resistance, i.e., higher corrosion susceptibility. 21 This observation, however, must be taken with a certain caution if the general conclusion about saccharin effect on corrosion properties of electrodeposited ferromagnetic alloys is considered. The S-containing inclusions, crystal structure, grain size, as 
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Electrochemical and Solid-State Letters, 10 ͑6͒ D67-D71 ͑2007͒ D70 well as other metallurgical properties are also important for integral corrosion behavior of the deposit. The corrosion potential transients in our case, although showing the trend that could be directly linked to the saccharin incorporation rate, should be taken only as an indication that there is a relation between CoFe corrosion properties and saccharin incorporation rate. The complete insight into the saccharin effect on corrosion properties of the electrodeposited CoFe alloys could be developed only after detail corrosion studies are performed using other complementary electrochemical measurements and analytical methods. 33 The effect of saccharin incorporation on surface roughness of CoFe films is presented in Fig. 3b . The surface roughness evolution ͑w͒ is measured over the increasing length scale for 1.0 m thick CoFe films electrodeposited from solutions containing 0.12, 1, and 2 g L −1 of saccharin. The observed saturation roughness for these samples follows the trend w sat ͑0.12 g L −1 ͒ Ͻ w sat ͑1 g L −1 ͒ Ͻ w sat ͑2 g L −1 ͒ while at the same time R inc ͑0.
The correlation between the w sat and R inc is observed to have a decreasing logarithmic dependence for studied range of saccharin concentrations, ͑see the inset in Fig.  3b͒ . These results clearly show that higher incorporation rates of saccharin during electrochemical deposition yield CoFe surfaces with smaller roughness. This is a useful result that should be further investigated if the electrodeposition of 2.45 T CoFe alloys is considered as a fabrication process for future nanoelectromechanical systems and magnetic recoding devices. 3 
Conclusion
In this paper, experimental work investigating the physical incorporation of saccharin molecules into CoFe deposit during galvanostatic deposition is presented. The results show that maximum incorporation rate of saccharin ͑R inc = 0.145 ϫ 10 −11 mol cm −2 s −1 ͒ is achieved for C sac ϳ 0.12 g L −1 . For the case of C sac Ͼ 0.12 g L −1 the incorporation rate decreases and becomes constant for C sac Ͼ 1.5 g L −1 . For C sac Ͻ 0.12 g L −1 , the incorporation rate drops quickly to values close to zero. The presence of saccharin molecules in the CoFe deposit increases the CoFe corrosion susceptibility, i.e., the plating solutions yielding larger incorporation rates produce deposits with more negative corrosion potentials. Our results also indicate that CoFe surface roughness is inversely proportional to the saccharin incorporation rate. A simple model based on the interplay between adsorption of the saccharin molecules and the overgrowth of the free CoFe surface was developed and succeeds in qualitatively describing the experimental results and correlating the R inc to C sac using the Langmuir adsorption model. The saccharin incorporation has shown no effect on saturation magnetic flux density of CoFe alloys for the given experimental conditions. However, more work is necessary to obtain quantitative information about the effects of this phenomenon on resulting magnetic properties of CoFe deposit.
